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INTRODUCTION 


In  March  1953  the  Chesapeake  Bay  Institute  of  the  Johns  HopKins 
University  submitted  a proposal  for  Office  of  Naval  Research  support 
of  a conference  on  the  thermocline.  The  following  is  quoted  from  the 
proposal. 


"Any  attempt  to  develop  techniques  of  predicting  SONAR 
ranges  at  sea  must  involve  the  forecast  of  the  thermal  condi- 
tions. The  major  feature  of  the  thermal  structure  is  the 
thermocline.  Despite  the  fact  that  observations  of  the  thermal 
structure  are  the  most  numerous  of  any  oceanographic  measure- 
ment, our  actual  knowledge  of  the  origin  and  behavior  of  the 
thermocline  is  woefully  inadequate. 

"Recently  a number  of  highly  qualified  oceanographers  have 
suggested  that  a symposium  on  the  thermocline  would  now  be  of 
considerable  value  in  helping  to  outline  the  directions  that 
research  in  this  field  should  take " 

That  same  month  the  proposal  was  accepted  by  the  Office  of  Naval 
Research  and  a Task  Order  was  established  -nder  Contract  Number 
Nonr-248(39) , as  project  NR  082-108.  The  Scientific  Officer  under  this 
Task  Order  was  the  Head,  Geophysics  Branch,  Earth  Sciences  Division, 
Office  of  Naval  Research.  Under  the  terms  of  the  contract  ^he  Chesapeake 
Bay  Institute  provided  for  the  meeting  place  for  the  conference,  as  well 
as  for  the  cost  of  accomodations,  subsistence  and  transportation  of  the 
non-government  employed  participants. 

The  subsequent  Conference,  on  the  Thermocline  was  held  from  25 
to  27  May  1953  at  Big  Meadows  Lodge  on  the  Skyline  Drive  in  Shenandoah 
National  Park.  Virginia.  The  following  participated  in  the  conference: 

v 


Dr  . fl  C . Ewing 
Mr.  J.  D.  Cochrane 


Scripps  Institution  of  Oceanography 
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Mr.  Henry  Stommel 
Mr  F.  C.  Fuglister 
Dr.  W.  V.  R.  Malkus 
Dr.  Bernhard  Haurwitz 
Dr.  Gerhard  Neumann 
Dr.  R.  B.  Montgomery 
Dr.  Carl  Eckart 
Dr.  J.  C.  Freeman,  Jr. 

Dr.  T.  F.  Malone 

Dr.  D.  W.  Pritchard 
Mr.  M.  J.  Po.lak 
Mr.  W.  F.  Ganong 
Mr.  Carl  Behrens 
Mr.  E.  R,  Anderson 
Mr.  R.  J.  Urick 

Mr.  J.  J.  Schule,  Jr. 

Mr.  B.  K.  Couper 

LCDRD.  R.  Jones,  USN 

CDRD.  F.  Rex,  USN 

Mr.  G.  G.  Lill 

LTJG  J.  A.  Knauss,  USNR 

Mr.  James  Hughes 

Mr.  R.  C.  Vetter 


j 


} 


Woods  Hole  Oceanographic  Institution 


New  York  University 

Brown  University 
Institute  ox  Advanced  Study 
Texas  A&M  College 

Massachusetts  Institute  of  Technology 

Chesapeake  Bay  Institute 

Naval  Weather  Service,  Canada 
Operations  Evaluation  Group  (MIT),  Opnav 
Navy  Electronic  Laboratory 
Naval  Research  Laboratory 
Hydrographic  Office 
Bureau  of  Ships 

Bureau  of  Aeronautics  Project  AROWA 
Office  of  the  Chief  of  Naval  Operations 


Office  of  Naval  Research 


A number  of  others  who  had  be  ' invited  were  unable  to  attend.  Dr.  G.  C. 


Ewing  very  kindly  consented  to  act  as  moderator,  and  the  orderly  trend  of 


the  discussion  was  due,  in  large  part,  to  his  conduct  of  the  meetings. 


In  OrdfJiT  tO  EChi^V-  hiffh  d^nri’c*?  of  at  tV»  rnTifprAiirii  anH 


tne  irccSl  possioxe  excnange  Oi  luedb  : 


uu  formal  papers  were  invited. 


only  exception  to  this  plan  was  a pre-conference  invitation  to  Dr.  R.  B. 


Montgomery  to  present  a summary  of  the  existing  knowledge  of  the  origin 
and  behavior  of  the  ihermociine,  as  a s carting  point  for  the  discussion. 

In  keeping  with  the  informal  nature  of  the.  conference,  it  was  planned 
not  to  record  the  discussion  or  to  produce  any  formal  minutes  of  the  pro- 


ceedings . 


However,  just  prior  to  the  meeting,  it  was  decided  to  attempt 


to  obtain  a record  of  the  discussion  by  means  of  a wire-recorder  then 
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available  at  the  Chesapeake  Bay  Institute  This  recording  equipment 
turned  out  to  be  somewhat  inadequate  for  the  job  and  the  brevity  and 
incompleteness  of  the  transcribed  discussion  is  partly  attributable  to 
this  cause. 

Large  portions  of  the  wire-recording  lacked  sufficient  clarity  to 
permit  of  a coherent  transcription.  Other  portions  could  not  be  used 
because  they  were  meaningless  without  the  c agrams  and  equations 
which  had  been  sketched  on  the  blackboard  in  impromptu  fashion.  Al- 
though Mr.  B.  K.  Couper  generously  put  his  very  copious  notes  of  the 
conference  at  our  disposal,  these  did  not  suffice  to  overcome  the  basic 
shortcomings  of  the  recording. 

« 

Fortunately,  the  quality  of  the  wire-recording  during  most  of  the 
summarizing  remarks  was  considerably  improved.  As  a result,  the 
transcribed  discussion  consists  primarily  of  the  comments  made  at 
the  final  session  of  the  conference. 

In  view  of  the  above  mentioned  difficulties,  it  is  hoped  that  the 
omission  of  many  pertinent  remarks  made  during  the  conference  and 
the  complete  absence  of  statements  by  some  of  the  participants  will  be 
regarded  with  tolerance  by  those  who  may  find  themselves  wronged  in 
such  manner.  No  slight  or  censorship  was  in  Leaded. 

The  editing  of  the  transcribed  comments  has  been  kept  to  a minimum, 
consisting  largely  of  deleting  redundancies  and  incomplete  sentences  and 
regrouping  some  clauses  for  the  sake  of  clarity.  It  should  be  kept  in  mind 
that  these  comments  were  made  extemporaneously,  unless  otherwise  noted, 


and  hence  lack  the  polish  expected  of  a written  paper.  In  view  of  the  time 
which  had  elapsed  since  the  conference  took  place,  it  was  not  deemed 
practical  to  submit  the  notes  to  their  respective  authors  for  correction  or 
revision.  The  editor  therefore  accepts  the  responsibility  for  any  misinter- 
pretations of  the  original  remarks  which  may  appear  in  their  present 


rendition. 
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CONFERENCE  NOTES 


R.  B.  MONTGOMERY 

(Manuscript  with  post-conference  revisions,  dated  12  June  1953) 

Summary  of  some  of  the  existing  knowledge  of  the  origin  and 
behavior  of  the  thermocline 

(Preparation  of  this  summary  was  supported  in  part  by  the  Office 

of  Naval  Research  through  contract  with  Brown  University.) 

1.  History 

The  word  thermocline  was  introduced  by  the  American  limnologist 
E.  A.  Birge  in  1897  (Birge,  1897,  pp.  287,  295;  1904).  He  regarded  the 
word  thermocline  as  synonymous  with  the  German  word  Sprung schicht, 
which  had  come  into  use  previously.  The  English  sometimes  use  the  term 
discontinuity  layer. 

Birge  used  the  word  thermocline  to  designate  a water  layer  in  which 
the  temperature  decrease  with  depth  is  greater  than  in  the  overlying  and 
underlying  water.  According  to  this  definition,  a thermocline  can  occur 
only  at  intermediate  depths,  never  next  to  the  surface  or  to  the  bottom. 
Birge  ascribed  the  discovery  of  the  phenomenon  to  Simony  fifty  years 
earlier  in  Germany. 

It  is  noteworthy  that  Birge  discusses  two  ways  in  which  a thermocline 
and  the  overlying  nearly  isothermal  surface  layer  can  form.  One  is  by 
surface  warming  followed  by  surface  cooling.  The  other,  which  he  was 
apparently  the  first  to  appreciate  and  which  he  considered  more  important, 


k 

-J 


is  by  surface  warming  accompanied  by  wind  stirring  of  the  surface  la/er. 

In  fresh-water  lakes,  the  density  distribution  is  determined  by  the 
temperature  distribution  alone,  so  thermocline  and  Sprungschicht  are 
fully  synonymous  and  clearly  defined.  In  salt  lakes  and  in  the  ocean, 
however,  one  might  think  of  Sprungschicht  as  representing  any  layer  more 
stable  than  the  water  above  or  below.  The  meanings  of  thermocline  and 
Sprungschicht  become  uncertain  unless  defined  more  specifically,  and 
they  are  not  necessarily  synonymous  with  each  other  or  with  stable  layer. 

In  i»*e  open  ocean,  the  effect  of  salinity  on  density  and  stability  is 
usually  minor,  so  by  the  word  thermocline  we  usually  mean  a layer  that 
both  is  more  stable  and  has  greater  temperature  decrease  with  depth  than 
the  water  above  and  below.  I shall  not  attempt  to  define  the  word  thermo- 
cline in  general.  Often  the  primary  consideration  is  the  density  distribu- 
tion rather  than  the  temperature  distribution,  so  perhaps  the  word  thermo- 
cline is  not  the  best  one  to  designate  what  we  are  discussing  at  this  confer- 
ence. Internal  stable  layer  is  a possibility.  (At  the  conference,  Fuglister 
used  the  word  halocline  and  pycnocline . Perhaps  the  latter  best  describes 
the  subject  of  the  conference.) 

2 . Classification 

In  the  ocean  three  types  of  thermocline  can  be  distinguished:  The 

main  thermocline  or  permanent  thermocline,  which  is  a normal  feature 
of  the  open  ocean  except  in  high  latitudes.  The  seasonal  thermocline, 
which  appears  in  spring  and  disappears  in  fall,  and  which  is  a normal 
feature  of  the  open  ocean  except  in  low  latitudes.  The  diurnal  thermocline, 


which  appears  in  the  morning  and  disappears  in  the  evening,  conditions 
permitting. 

Limnologists  have  only  the  seasonal  and  diurnal  therrr.ooline  to  deal 
with.  The  thermocline  in  limnology  is  the  seasonal  thermocline,  while  in 
oceanography  it  is  more  apt  to  be  the  permanent  thermocline.  The  perma- 
nent thermocline  owes  its  existence  to  the  fact  mat  the  surface  water,  a part 
of  the  local  climate,  never  gets  so  cold  as  the  deep  water,  which  has  come 
from  higher  latitudes,  or  at  least  from  colder  climate.  Lakes  are  not 
large  enough  to  be  subject  to  different  climates;  the  deep  water  is  essentially 
formed  locally  in  the  season  when  the  surface  water  reaches  maximum  den- 
sity. 

In  addition  to  the  three  types  named  above,  there  are  the  thermoclines 
and  stable  layers  that  occur  in  coastal  waters,  estuaries,  and  where  there 
is  melting  ice  or  heavy  precipitation  and  that  are  associated  with  salinity 
contrasts  adequate  to  produce  an  internal  stable  layer. 

n c „ „„  „ 

«/  • w 

uf  course  iuc  liicruiocliitC  c annot  form  an  isolated  topic  for  study. 

For  example,  the  overlying  layer  that  is  relatively  homogeneous  is  perhaps 
the  more  basic  phenomenon;  the  thermocline  might  be  regarded  as  a by- 
product. As  another  example,  the  thermocline  is  greatly  distorted  by 
currents  and  by  storms.  Indeed,  hardly  any  phase  of  so-called  physical 
oceanography  is  of  negligible  significance  in  connection  with  the  thermocline. 

It  is  important  to  note  also  the  fact  that  inversions  in  the.  atmosphere 
are  the  counterpart  of  thermoclines  in  the  ocean  and  lakes.  Sloping 


inversions  are  called  frontal  surfaces,  as  are  sloping  thermoclines . The 


intersection  of  atmospheric  or  oceanic  frontal  surfaces  with  boundaries  of 
the  medium  are  called  fronts.  The  importance  of  atmospheric  fronts  is 
common  knowledge,  yet  there  is  no  adequate  explanation  of  their  genesis. 
Some  text  books  discuss  frontogenesis , treating  it  as  a result  of  defor- 
mation in  the  field  of  mean  velocity.  To  me,  deformation  seems  utterly 
inadequate  as  a process  to  convert  the  very  small  gradients  of  insolation 
into  the  large  gradients  found  in  inversions,  thermoclines,  and  frontal 
surfaces,  (Of  course  deformation  is  important  in  the  maintenance  of 
fronts  after  genesis.) 

It  seems  to  me  that  meteorologists  lack  an  understanding  of  the 
basic  process  responsible  for  frontal  surfaces.  Oceanographers  are 
perhaps  ahead,  because  in  a hazy,  qualitative  way  they  better  realize 
the  importance  of  mixing  processes.  At  any  rate,  knowledge  gained 
about  one  sort  of  internal  stable  layer  can  be  helpful  in  understanding 
the  other b. 

The  effect  of  the  thermal  and  saline  structure  of  the  ocean  on  sound 
propagation  is  comparable  in  several  respects  with  the  effect  of  the  ther- 
mal and  humid  structure  of  the  atmosphere  on  short-wave  radio  propaga- 
tion, A book  on  the  latter  subjeci  has  been  edited  by  Kerr  (1951). 

A • 

*t  . VJC  Ub  OiQ 

When  the  sun  warms  water  in  the  absence  of  wind,  the  resulting 
temperature  gradient  is  greatest  at  the  surface.  In  the  presence  of  wind, 
however,  the  maximum  gradient  is  found  submerged  as  a the rmoc line; 


n 
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this  is  indeed  a remarkable  phenomenon.  I do  not  believe  that  this 
phenomenon  would  be  predicted  by  any  person  ignorant  of  its  natural 
occurrence,  no  matter  how  familiar  he  might  be  with  laboratory  fluid 
behavior.  (Perhaps  engineers  dealing  with  mechanical  mixing  of  liquids 
like  paints  have  noted  comparable  phenomena.  ) 

Having  observed  the  natural  phenomenon,  we  see  that  the  wind 
produces  stirring  in  the  water,  and  that  this  stirring  does  not  extend 
very  deep.  The  stirring  thoroughly  mixes  a surface  layer  and  makes 
it  isothermal.  Stirring  thereby  creates  the  thermocline. 

There  is  evidence  that  the  thickness  of  the  isothermal  surface 
layer  depends  in  part  on  the  wind  speed.  There  is  also  evidence  that 
the  thickness  depends  on  latitude.  Ekman  (1905)  showed  that  drift  currents, 
because  of  the  earth's  rotation,  do  not  extend  to  the  bottom  but  are  limited 
to  a relatively  thin  surface  layer,  the  thickness  decreasing  with  increasing 
latitude.  It  is  plausible  that  the  stirred  layer  coincides  with  the  drift- 
current  layer. 

Rossby  and  Montgomery  (1935)  made  an  empirical  study  of  the  thick- 
ness of  the  isothermal  surface  layer  in  relation  to  the  wind  speed  v at 
a heights  of  some  10  m and  to  latitude  ^ and  found  that 

<»w/va)  sin  p = Z.  38  s. 

The  effect  of  latitude  seems  connected  with  the  earth's  rotation,  so  it  is 
reasonauic  to  introduce  the  Coriolis  parameter 

1=2  sin  p 


and  form  the  nondimens ional  number 


10  - 


h^l/v  = 3.47  x 10-4 

This  study  was  based  on  serial  temperatures  by  reversing  thermometer 
from  several  expeditions  and  on  a few  records  made  with  the  'oceanograph' , 
precursor  of  the  bathythermograph.  No  similar  study  has  been  made  of  the 
extensive  material  subsequently  collected  by  bathythermograph. 

The  significance  of  this  result  is  enhanced  by  the  fact  that  a quan- 
titatively comparable  empirical  result  was  found  for  the  thickness  of  the 
atmospheric  homogeneous  layer,  ha>  at  Boston, 

ha/va  = 136  8 • 

or,  as  the  latitude  is  42°22'N, 


hal/va  = 0. 0134. 


The  two  nonaimensional  numbers  that  are  comparable  are  h l/v  and 

r w ' *w 

hai/v+a>  containing  the  friction  speeds  appropriate  for  the  two  layers, 


v*w  - <V  Pw) 


1/2 


-.a  5 1/2 . 


where  To  is  the  tangential  stress  at  the  surface  and  and  are  the 
densities  of  water  and  air.  In  terms  of  the  resistance  coefficient  V . 


To  « faVva2  • 

the  comparable  numbers  become 
b 


v = Vv  , 
*a  a 


w 


*w 


1 , /fw  V/2  1 ■ ha'  - !‘a 1 i 

I P ) V 


a \ / a / 


V 


The  coefficient  "V”  varies  souicwhdti  roasoiiduie  values  are  0.  04  for  the 
ocean  and  0 06  for  Boston.  As  the  ratio  of  densities  is  about  900,  the 


resulting  values  of  h l/v^  and  hal/vAa  are  both  about  0,24,  so  the  number 


*a 


appears  to  take  on  a universal  character.  Rossby  (1932),  in  terms  of  a 
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constant  k,  had  concluded  theoretically  that  the  thickness  of  the  turbulent 
layer  h both  in  the  ocean  (his  eq.  92)  and  in  the  atmosphere  (his  eqs . 167, 
168)  should  be  given  by  hl/vA  = 3k.  In  his  more  detailed  theory  the  factor 
3 is  replaced  with  a number  roughly  a tenth  larger,  and  in  the  1935  paper 
the  value  of  k was  concluded  to  be  about  0.  0f>5  for  both  atmosphere  and 
ocean. 

A quantitative  theory  of  the  thermocline  itself  was  attempted  by  Munk 
and  Anderson  (1948).  Some  of  the  assumptions  are  arbitrary,  and  the  real 
basis  of  the  phenomenon  does  not  seem  to  me  to  have  been  jlucidated,  but 
the  paper  is  noteworthy  because  it  represents  the  only  attack  on  this  diffi- 
cult problem. 

(At  the  conference,  Stommei  pointed  out  that  in  addition  to  the  two 
processes  already  mentioned,  i.e.  , warming  followed  bv  cooling,  and  wind 
stirring,  two  further  processes  may  be  important  in  the  genesis  of  thermo- 
clines:  One  is  that  the  presence  of  lateral  boundaries  in  lakes  requires 

closed  circulations  in  one  or  more  layers,  which  thereby  tend  to  become 
isothermal  and  to  be  separated  from  one  another  by  thermoclines . I may 


add  that  such  circulations  have  been  observed  in  models  by  Sands trom, 

1908,  and  have  been  reported  to  occur  in  Lake  Mead  by  C.  P.  Vetter,  1953. 
The  other  process  forms  the  subject  of  Rossby's  1951  paper  on  the  vertical 
concentration  of  momentum  in  ocean  currents,  a mechanism  that  tends  to 


change  unriuriri  density  gradient  into  an  internal  Stable  layer.) 


5.  Description 

Although  there  is  a great  deal  of  interesting  published  information  on 


\ 
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temperature  distribution  in  lakes,  there  is  surprisingly  little  literature 
on  thermoclines  in  the  ocean.  The  briei  treatment  in  Harvey's  (1928) 
book  is  perhaps  as  extensive  as  any.  Reid  (1948)  has  suggested  a formula 
to  represent  the  vertical  distribution  of  density  in  the  equatorial  thermo- 
cline . 


A number  of  unclassified  reports  have  been  prepared  that,  although 
not  concerned  primarily  with  the  thermocline,  contain  much  information 
about  it.  One  of  the  most  interesting  of  these  is  F.  C.  Fusrlister's  "Comple- 
tion report  on  the  hydrography  of  the  western  Atlantic.  No.  4.  The  hydro- 
graphy of  the  northwestern  Sargasso  Sea,"  Woods  Hole  Oceanographic 
Institution,  1947. 

Further  information  is  contained  in  various  classified  reports.  The 
most  complete  account  of  the  oceanic  thermocline  that  I have  seen  is  in 
"The  application  of  oceanography  to  subsurface  warfare,"  Summary  Tech- 
nical Report  of  Division  6,  NDRC,  !94*>  (restricted). 


6,  Heat  Exchange 

Thermoclines  depend,  some  directly  and  others  indirectly,  on  the 
heat  exchange  across  the  interface  between  water  and  atmosphere.  This 
heat  exchange,  on  which  there  is  a large  literature,  is  therefore  of  great 
importance  in  many  considerations  of  the  thermocline.  Two  especially 
significant  papers  will  be  mentioned. 

Stommcl  and  Woodcock  (1951)  have  studied  diurnal  heat  exchange  in 
relation  to  temperature  changes  observed  by  bathythermograph  from 
Atlantis  whl.  ]e  drifting. 
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Much  new  information  on  heat  exchange  is  contained  in  the  Lake 
Hefner  report  by  Harbeck  et  al.  (1952). 

A comment  may  be  made  on  one  aspect.  As  the  present  intereet  is 
not  in  the  effect  on  the  atmosphere  but  in  the  effect  on  the  water,  to  cal  - 
culate separately  the  exchanges  of  sensible  heat  and  latent  heat  is  an 
indirect  (if  not,  indeed,  artificial)  means  of  finding  the  total  heat  ex- 
change by  transport  phenomena  (i.e.  , by  processes  other  than  radiation.) 
Suppose  the  unit-area  upward  flux  of  sensible  heat  can  be  expressed  as 

Qa  = f(L  - O 

where  t^  is  the  temperature  at  the  interface,  tb  is  the  air  temperature  at 
a distance  b (a  few  meters)  above  the  interface,  and  f is  ^ far  tor  depending 
especially  on  b , on  tj  - tp,  and  on  wind  speed.  The  unit-area  upward  flux 
of  enthalpy,  or  total  unit-area  flux  of  heat  by  transport  phenomena,  can 
then  be  expressed  as 

Qt  = f^ei  ' teb'  ’ 

where  te-  and  tgb  are  the  corresponding  equivalent  temperatures.  The 
factor  f has  practicaiiy  the  same  value  as  before,  be  cans  ° the  processes 
transporting  vapor  are  nearly  the  same  as  those  transporting  sensible 
heat.  The  interfacial  equivalent  temperature  is  determined  by  the 
intertacial  temperature  t^  alone  tor  a given  salinity.  The  equivalent 
temperature  tgb  is  determined  by  the  wet-bulb  temperature  t^p  alone 
for  a given  pressure.  (The  scale  of  the  wet-bulb  thermometer  can  be 
graduated  to  indicate  equivalent  temperature  directly.  See,  for  instance, 
F.obitzsch,  1951.)  The  air  temperature  tp  thus  does  not  appear  explicitly, 
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although  of  course  the  stability  indicated  by  tj  - t^  affects  the  factor  f. 

(For  further  discussion,  see  Montgomery,  1950,  section  7). 

7.  Internal  waves 

A thermocline  provides  a favorable  environment  for  internal  waves, 
which  in  turn  distort  the  thermocline.  While  any  general  discussion  of 
thermoclines  would  be  incomplete  without  mention  of  the  great  importance 
of  internal  waves,  no  attempt  is  made  ir.  this  summary  to  review  the  large 
literature  , 

8.  Forecasting 

One  of  the  unpuhlisheH  reports  dealing  with  the  forecasting  of  tern-  • 
perature  and  thermoclines  is  that  by  D.  P.  Martineau,  "An  objective  method 
for  forecasting  the  diurnal  thermocline,"  Woods  Hole  Oceanographic 
Institution,  reference  no.  53-21,  1953. 

References 

E.  A.  Birge,  1897:  The  Crustacea  of  the  plankton  from  July,  1894  to 

December,  1896.  Trans.  Wis.  Acad.  Sci.  Arts  Lett.,  11,  274-448. 

1904:  The  a.i*Ttual  address  of  the  President.  The  thermocline  and  its 

biological  significance.  Trans.  Ai'ner.  micr.  5oc.  , 25,  5-32 
V.  W.  Ekrr.an , 1905:  On  the  influence  of  the  earth's  rotation  on  ocean 
currents.  Arkiv  Mat.  Astr.  Fysik,  2,  N:o  11,  52pp. 

G.  E.  Harbeck,  Jr.  , P.  E.  Dennis,  F.  W.  Kennon,  L.  J.  Anderson, 

J.  J.  Marciano,  E.  R.  Anderson,  M.  A.  Kohler,  1952:  Water-loss 


15  - 


investigations:  Volume  1 - Lake  Hefner  studies  technical  report. 

San  Diego,  U.  S.  Navy  Electronics  Laboratory,  Report  327  (also 
issued  as  Geological  Survey  Circular  229,  Washington),  153  pp. 

H.  W.  Harvey,  1928:  Biological  chemistry  and  physics  of  sea  water. 
Cambridge,  University  Press  , 194  pp. 

D.  E.  Kerr,  1951:  Propagation  of  short  radio  waves.  Edited  by  Donald 

E.  Kerr.  New  York,  McGraw-Hill  Book  Company,  Massachusetts 
Institute  of  Technology  Radiation  Laboratory  Series,  13,  727  pp. 

R.  B.  Montgomery,  1950:  The  Taylor  diagram  (temperature  against 
vapor  pressure)  for  air  mixtures.  Archiv  Meteor.  Geophysik 
Bioklimat.  , Serie  A,  2,  i63=io3. 

V.  H.  Munk  and  E.  R.  Anderson,  1948:  Notes  on  a theory  of  the  thermo- 
cline.  J.  mar.  Res.  , 7,  276-295. 

R.  O.  Reid,  1948;  A model  of  the  vertical  structure  of  mass  in  equatorial 

wind-driven  currents  of  a baroclinic  ocean.  J.  mar.  Res.  , 7,  304-312 

II  1 * 

Max.  Robitzsch,  1951:  Eine  einfache  Auflo sungs me thode  fur  die  Psychrometer- 
formal.  Z.  Meteor.  , 5,  143-147, 

C.  G.  Rossby,  1932:  A generalization  of  the  theory  of  the  mixing  length 

with  appii  LciiiCu  to  atmospheric  and  oceanic  turbulence.  Mass,  Inst. 
Tech,  meteor.  Pap.  , i,  no.  4,  36  pp. 

---  and  R.  B.  Montgomery,  1935:  The  layer  of  frictional  influence  in  wind 
and  ocean  currents.  Pap,  phys.  Oceanogr.  Meteor.,  Mass.  Inst 
Tech,  k Woods  Hole  Oceanogr.  Instn,  3,  no.  3,  101  pp. 


1951:  On  the  vertical  and  horizontal  concentration  of  momentum  in 


air  and  ocean  currents.  I.  Introductory  comments  and  basic  prin- 
ciples, with  particular  reference  to  the  vertical  concentration  of 
momentum  in  ocean  currents.  Tellus , 3,  15-27. 

J.  W.  Sandstrom,  1908;  Dynamische  Vsrsuche  mit  Meerwasser.  Ann. 
Hydrogr.  mar.  Meteor.  , 36,  6-23. 

Henry  Stommel  and  A.  H.  Woodcock,  195  1:  Diurnal  heating  of  the  surface 
of  the  Gulf  of  Mexico  in  the  spring  of  1942.  Trans.  Amer.  geophys. 
Union,  32,  565-571. 

C.  P . Vetter,  1953:  Sediment  problems  in  Lake  Mead  and  downstream  on 
the  Colorado  River . Trans.  Amer.  geophys.  Union,  34,  249-256. 


E.  R.  ANDERSON 


Comments  on:  W.  H.  Munk  and  E.  R.  Anderson,  1948: 

Notes  on  a theory  of  the  thermocline.  J.  Mar.  Res.  , 7,  276-295. 

I think  that  paper  has  been  distorted  somewhat.  You  read  it  perhaps 
rather  quickly.  It  was,  of  course,  never  meant  to  be  a complete  theory  of 
the  thermocline.  It  was  meant  only  to  indicate  what  four  different  things 
might  do,  or  how  they  might  act.  If  you  go  through  it,  you  find  that  the 
depth  of  the  mixed  layer,  in  this  paper,  is  a function  of  four  things:  wind 
speed,  stability  of  the  water,  heat  flux,  and  latitude. 

Now  if  we  can  assume  that  the  mixed  layer  is  a function  of  these 
four  things,  we  can  get  the  results  presented  in  this  paper  with  certain 
restrictions  on  them  which  are  rather  unfortunate.  A zero  or  positive 
heat  flux  was  assumed.  That  implies,  of  course,  condensation.  Positive 
means  that  you  are  adding  heat  to  the  water.  In  other  words,  the  whole 
energy  budget  gives  zero  or  a net  addition  of  heat  to  the  water,  not  a 
taking  out  of  heat.  That  of  course  limits  it  very  strongly  because  most 
of  the  time  that  condition  is  not  met.  It  was  also  assumed  that  this  heat 
flux  is  independent  of  depth,  which  is  a bad  assumption.  It  is  probably 
an  exponential  function  of  some  sort.  Sc  if  you  keep  those  restrictions 
in  mind,  you  get  the  paper  in  its  proper  perspective. 

But  what  is  left  out  then  that  seems  important  is  convergence  and 
convection,  and  also  convergence  and  divergence . or  advection.  Austausch 
transfer  of  heat  is  ruled  out  by  this.  We  are  never  getting  cooling  at  the 
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surface  --  therefore  we  are  not  getting  convection. 

These  terms  are  all  related  to  each  other,  not  mutually  independent. 
What  this  was  to  lead  to  was  a list  of  things  that  seem  to  be  important  in 
considering  the  thermocline.  Convection  and  advection  are  neglected  and, 

I might  add,  so  is  the  effect  of  internal  waves.  Now  the  paper  showed  only 
the  effect  of  the  four  things  that  were  listed  at  the  beginning.  In  the  two 
comparisons  that  were  made,  we  attempted  to  define  situations  where  this 
issue  was  met.  Of  course  that  is  very  difficult  to  do  and  such  a situation 
probably  never  actually  occurs.  But  in  these  two  comparisons,  as  you 
recall,  the  computed  depth  of  the  mixed  layer  was  about  0.  42  times  the 
actual  observed  depth  which,  to  Munk  and  myself  , indicated  that  the  wind 
was  important  but  was  not  the  only  important  thing.  It  seemed,  at  the 
moment,  that  convection  was  equally  as  important  and  that  if  you  ever 
wanted  to  get  a complete  theory  that  described  it  all  you  would  have  to 
consider  these  four  things,  plus  at  least  this  additional  factor.  If  you 
used  it  in  areas  where  there  was  strong  convection,  you  would  certainly 
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here,  or  those  portions  that  must  be  considered  now;  it  is  something  we 
can  put  on  the  board  to  start  arguing  about. 


BERNHARD  HA  UR  WITZ 


The  thing  with  which  I am  struck,  being  primarily  a meteorologist, 
is  the  similarity  of  the  problem,  in  many  respects,  to  meteorological 


problems.  In  Mie  first  place,  I must  say  that  I am  very  glad  that  the 
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oceanographers  have  to  worry  about  some  forecasting  problems.  Of 
course,  we  in  meteorology  have  had  to  worry  about  that  for  quite  a while. 

2viy  happiness  is  tempered  by  the  fact  that  unfortunately  it  again  seems  to 
be  the  meteorologists  in  the  Navy  who  ha%'e  to  use  the  product.  But  at 
least  this  time,  if  it  does  not  work,  they  can  blame  somebody  outside 
their  own  particular  field. 

The  other  thing  which  comes  to  my  mind  is  that  here  we  evidently 
have  something  very  similar  to  meteorology,  inasmuch  as  in  meteorology 
the  layer  of  the  air  next  to  the  surface  --  it  does  not  matter  how  high  it 
should  go,  let  us  call  it  the  planetary  frictional  layer  --  is  one  of  the  most 
important  layers,  not  only  because  we  live  there  but  because  the  exchange 
between  the  surface  of  the  earth  or  the  water  and  the  higher  atmosphere 
takes  place  through  that  layer.  It  is  quite  evident,  on  entirely  general 
grounds,  that  the  top  layer  of  the  ocean  will  play  a similar  role  for  the 
ocean  as  a whole  because  the  interchange  of  properties  from  the  one  medi 
um,  the  atmosphere,  to  the  other  one  wiil  take  place  in  this  layer.  I am 
also  reminded  of  meteorological  problems  when  1 see  some  of  these  dia- 
grams sketched  he^e  which  at  first  seem  without  rhyme  or  reason.  My 
comment  on  those  would  be  that  if  I had  to  do  something  with  them  I would 
first  of  all  try  to  get  some  notions  about  what  sort  of  types  I can  distinguish 
here.  I will  not  try  to  do  it  now  because  I have  not  thought  about  it.  And 
then  I would  try  to  see  how  I could  explain  them  in  terms  of  the  various 
factors  which  are  listed  on  the  board. 

Incidentally,  I would  like  to  say  with  respect  to  all  these  things  which 
are  on  the  board  here,  if  you  really  would  want  to  work  with  them  you  would 


have  to  be  careful  --  even  if  we  omit  the  controversial  convection  and  re- 


place it  by  something  which  might  be  better  --  inasmuch  as  some  of  them 
here  are  really  physical  processes  like  convection  or  internal  waves  or 
heat  flux,  and  others  art  really  parameters.  Of  course  you  can  use  a 
physical  process  in  order  to  account  for  the  development  of  these  various 
thermocline s . But  on  the  other  hand,  you  would  have  to  use  a parameter, 
say  like  the  stability,  in  order  to  correlate  it  with  the  physical  process. 

I think  that  is  quite  important  to  keep  in  mind.  For  instance  you  see  things 
like  this:  we  have  the  latitude  in  here  as  a factor.  Now  as  Ray  Montgomery 
explained  yesterday,  there  may  very  well  be  a relation  between  the  latitude 
fVjo  depth  of  the  thermocline , sppsrsr.tly  vis  this  Coriolis  p^r^rnstor  O 
the  other  hand,  it  is  not  entirely  certain  that  this  is  so,  that  the  reason  for 
the  latitude  entering  in  is  really  the  Coriolis  parameter.  It  might  come  in 
via  the  heat  flux  because  the  heat  received  f rom  the  sun  depends  on  the  lat- 
itude too  and,  in  fact,  we  might  even  find  thai.  the  latitude  enters  into  the 


whole  svstem  in  two  olaces. 


if  T Visd  docjdod  ♦■Vioro  a **©  Various  of  thormoclirss , 

preferably  not  too  many,  I would  probably  first  try  a purely  statistical 
approach.  That  is,  I would  make  a list  such  as  this,  or  one  similar  to 
it,  and  men  see  wnicn  oi  these  parameters  seem  to  correlate  weli  with 
the  various  types  of  thermoclines  and  which  do  not.  However,  I have  my 
doubts  whether  that  would  lead  me  very  far,  because  you  can  evidently 
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satisfactory  correlation.  So  evidently  what  one  would  have  to  do  very 
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soon  --  and  it  is  quite  obvious  that  a lot  of  people  have  started  to  do  that, 
fortunately  --  would  be  to  develop  a physical  theory  of  the  ther  rnocline , 
how  it  originates.  Well,  you  will  remember,  some  people  have  started 
on  that  and  some  have  apparently  even  been  successful  in  describing  and 
forecasting  the  development  of  thermocline s . It  seems  to  me  that  this 
would  be  the  most  fruitful  approach  to  the  whole  problem,  namely,  to  de- 
velop a theory,  at  first  as  simple  as  possible  of  course,  and  then  see  how 
it  checks  witli  the  data.  Then,  as  you  find  the  theory  does  not  work,  you 
would  either  reject  the  whole  theory  or  make  it  more  elaborate.  There 
is  another  advantage  in  that:  once  you  have  a prescribed  notion  or  hypoth- 
esis or  theory  --  whichever  name  you  want  to  give  to  it  --  then  you  know 
what  you  actually  want  to  look  for  in  the  ocean. 

I think  probably  one  of  our  troubles  w.ih  these  things  has  been  that, 
with  the  observations  as  we  have  them  now,  an  index  had  to  be  made  more 
cr  less  at  random,  that  is,  it  was  largely  a purely  data  collecting  job  with- 
out any  particular  attempt  of  trying  to  either  prove  or  disprove  any  theory. 

I remember  this  in  particular  because  I tried  to  help  one  of  the  doctor's 
candidates  who  is  now  at  Woods  Hole  and  remember  that,  unfortunately, 
there  are  a lot  of  data  collected  but  not  in  the  form  in  which  they  can  always 
be  used,  and  of  course  it  is  now  too  late  to  go  back  out  in  the  ocean  at  the 
same  time  and  the  same  spot  and  see  how  it  really  was  or  what  happened 
the  day  before  or  the  day  after.  Therefore,  I think  that  for  pureiy  practi- 
cal purposes  it  is  very  good  to  have  some  hypothesis  which  not  only  shows 
you  what  to  look  for  but  which  shows  you  when  to  make  the  measurements 
and  for  how  long  a period. 
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Finally,  I would  just  like  to  say  that  even  if  we  do  not  come  up  with 
a definite  program  of  work  where  one  does  this  and  the  othe^  does  that,  I 
feel  the  meeting  has  been  quite  a success,  if  for  no  other  reasons  than  that 
we  have  at  least  found  out  better  than  we  could  by  correspondence  what  the 
other  person  i3  doing.  I certainly  do  not  feel  that  my  time  has  been  wasted 
even  if  I do  not  go  back  now  with  the  idea  that  those  points  should  be  inves- 
tigated and  those  are  already  solved. 


T.  F.  MALONE 


My  knowledge  of  the  thermocline  is  limited  to  what  I have  heard  in 
the  last  few  days.  My  viewpoint,  for  which  I will  not  apologize,  is  of  course 
meteorological.  As  such,  probably  I would  be  concerned  more  with  the  upper 
portion  of  the  vertical  temperature  distribution,  the  part  of  the  BT  which 
might  lie  between  orders  of  10  and  10^  feet.  This  seems  to  be  most 
immediately  related  to  the  meteorological  conditions  and  I think,  considering 
the  overall  problem  here,  there  is  some  hope  for  a contribution,  meteor- 
ologically, to  the  operational  problem.  I do  not  want  to  violate  the  phil- 
osophy of  this  meeting  by  getting  into  the  operational  aspects,  but  as  one 
whose  background  is  forecasting  I h<ive  a keen  appreciation  of  the  fore- 
casting problem  involved  here,  and  I think  that  simply  because  certain 
meteorological  aspects  might  be  useful  in  the  forecasting  sense  in  no  way 


lessens  their  fundamental  scientific  importance. 

Now  this  picture  is  quite  confused  in  my  mind  and  perhaps  the  only 
way  I can  make  any  sense  would  be  to  oversimplify  it.  If  we  restrict 


i 


. i 


i 

i 


! 


L 


- 23  - 


ourselves  to  the  upper  part  of  this  vertical  temperature  distribution,  we 
might  go  one  step  further  and  draw  a line  of  distinction  between  what  could 
be  called  the  fine  grain  structure  and  the  coarse  grain  structure  there.  The 
fine  grain  structure  is  going  to  be  >-ery  complicated.  I gather  from  conversa- 
tion with  Ernie  Anderson  about  the  very  interesting  work  that  he  lias  done, 
that  even  introducing  the  meteorological  factors  there,  such  as  solar  radia- 
tion, is  going  to  require  a refinement  which,  if  I understand  Irving  Hand's 
comments  on  the  accuracy  of  the  pyrheliometer , gets  down  to  where  we  are 
crowding  even  that.  Mow,  if  we  can  take  that  over-simplification  --  and  we 
shall  worry  for  the  moment  about  the  coarse  grained  structure  of  only  the 
top  of  this  BT  which,  as  Dr.  Eckart  put  it  yesterday,  does  have  a basic 
relationship  to  the  permanent  thermocline  --  what  can  we  do  about  it,  or 
say  about  it?  Well,  there  has  been  talk  about  forecasting  this.  It  seems 
to  me  that  before  we  can  even  think  of  forecasting  this,  we  have  to  get  a 
little  better  idea  about  the  relationship  between  meteorological  factors  and 
the  temperature  distribution. 

Eighteen  years  is  a long  time,  but  1 thinK  we  have  to  go  back  that  Car 
to  get  the  philosophy  of  approach  which  to  me  is  most  applicable  now.  The 
work  that  Montgomery  and  Rossby  did  seems  to  me  to  be  directed  along 
those  lines  During  those  intervening  years  there  have  been  enough  data 
accumulated  in  an  oceanographic  sense,  and  certainly  we  have  a lot  more 
mete  Prolog  cal  parameters  with  which  towork,  so  that  it  seems  to  me  the 
time  is  opportune  to  pick  up  the  philosophy  which,  I believe,  guided 
Montgomery  and  Rossby  in  that  work  some  time  ago.  Now.  what  can  we 
do  about  this  relationship?  .1  think  there  are  two  things  that  are  important. 
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We  need  to  get  a better  idea  of  the  time  scale  and  a better  idea  of  the  space 
scale . 

There  was  some  discussion  yesterday  about  the  response  of  the  tem- 
l- rater e distribution  tr.  meteorological  factors  and  I am  left  with  a great  deal 
of  uncertainty  about  what  time  scale  is  involved  here.  It  is  certaiiuy  not  a 
day,  I would  gather,  but  maybe  live  days,  maybe  thirty  days.  I would  pick 
those  two  periods  because  the  meteorologists  have  a little  information  about 
rnn  broad  scale  patterns  and,  whether  or  not  they  would  work  out,  they  would 
certainly  be  the  first  things  at  which  1 would  grasp.  So  it  seems  to  me  that 
it  is  quite  important  here  to  establish  this  time  scale.  What  meteorological 
interval  do  we  want  to  use  to  relate  to  the  particular  BT7 

We  also  need  a space  scale.  Do  we  need  to  work  with  only  a small 
area  or  do  we  need  to  work  with  a broad  circulation  pattern?  The  meteor- 
ologists have  been  enlarging  their  horizons  during  the  past  decade  or  so, 
so  that  we  are  now  inclined  to  look  at  weather  not  as  that  which  can  be 
represented  by  a map  of  the  U.  S.  but  by  a global  map.  For  your  problem 
here  in  the  North  Atlantic  these  very  large  scale  weather  processes  may  be 
important.  I do  not  think  that  we  really  know  what  scale  is  involved  or  how 
far  out  you  have  to  go  meteorologically  to  relate  to  what  is  happening  right 
here.  That  seems  to  me  to  be  a thing  that  needs  lo  be  looked  into.  Possibly 
John  Freeman's  analysis  of  the  BT  and  the  ocean  weather  ship  .in  relation  to 
the  conditions  right  around  it  may  need  io  be  enlarged.  lie  probably  has  this 
in  mind.  It  would  be  my  thought  that  here  the  area  has  been  too  severely  de- 
limited. So  those  two  things  then  need  to  be  established.  They  are  essentially 
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important  in  any  forecasting  approach  arc!  I think  they  would  also  be  of 
extreme  importance  in  working  out  the  basic  scientific  relationship. 

Now  how  can  you  go  about  this?  I was  intrigued  by  a sort  of  hint 
that  Giff  Ewing  mentioned  almost  as  an  aside  on  Monday,  that  you  might 
be  able  to  work  with  some  kind  of  a normal  temperature  distribution  or 
average  temperature  distribution  and  then  departures  from  that.  That 
seems  to  me  to  hold  the  nucleus  of  a fairly  good  approach.  In  that  connec- 
tion I would  like  to  emphasize  to  a group  consisting  primarily  of  oceano- 
graphers that  when  we  talk  about  a climatic  mean  we  have  to  be  very 
careful.  If  you  talk  about  the  normal  pressure  distribution  for  the  month 
of  January,  in  one  sense  that  is  fictitious  because  it  is  something  you  do 
not  actually  find  in  a given  instance  very  often,  and  when  you  start  study- 
ing the  distribution  of  BT's  over  the  North  Atlantic  you  probably  cannot 
look  at  them  in  terms  of  a normal  circulation  map  for  a given  month.  I 
think  that  was  brought  out  in  John  Freeman's  diagram  showing  how  the 
curve  changes  from  one  year  to  another. 

If  you  want  to  have  one  suggestion  as  to  how  this  might  be  approached 
--  it  probably  would  not  work,  but  it  is  the  only  one  that  occurs  to  me  --  it 
seems  to  me  that  it  might  be  of  some  use  to  establish  some  types,  as 
Bernhard  Haurwitz  suorofested  here,  and  then  worry  about  departures  of 


these  types  in  terms  of  departures  of  the  circulation  pattern,  the  tempera- 
ture distribution,  and  the  insolation,  from  normal.  As  a means  of  doing 


interested  in,  which  we  have  taken  from  George  Wadsworth  who  is  working 
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with  us  on  this  and  which  seems  to  me  to  be  rather  a promising  way  of 
studying  departures  from  normal  circulation  ptitterns.  Essentially  what 
it  involves  for  any  meteorological  parameter  is  to  plot  the  value  of  the 
parameter  itself,  which  is,  in  fact,  the  mean  of  the  month,  the  five  day 
period,  or  whatever  period  you  cue  working  with,  and  dividing  that  by 
the  standard  deviation.  You  can  compare  charts  with  this  standardized 
unit  --  pressure,  height,  temperature,  or  practically  anything  --  and 
the  particular  virtue  it  possesses  is  that  it  adjusts  for  the  standard  devia- 
tion. In  other  words,  a big  departure  at  high  latitudes  where  the  variability 
is  large  is  then  brought  down  to  a comparable  scale  with  a small  departure 
down  in  the  southern  latitudes  where  the  variability  is  very  small.  And  I 
think  that  in  studying  fluctuations  or  aberrations  of  the  circulation  in  lower 
latitudes,  or  the  temperature  distribution,  this  would  be  a very  good  way 
to  adjust  for  the  difference  in  the  variability  of  the  meteorc1  r* -,ioal  para- 
meters. If  you  assume  a normal  distribution  you  can  express  it  directly 
in  terms  of  probability  and,  if  you  get  discouraged  with  some  of  the  statis- 
tical comp!’ rations . you  can  avoid  this  course  and  get  the  same  thing  by 
using  actual  probability  distribution.  It  would  seem  to  me  then,  this  char- 
acteristic that  Wadsworth  has  evolved  might  be  a rather  interesting  way  to 
prepare  charts  such  as  these  for  any  time  irterva!  --  charts  of  temperature, 
charts  of  the  circulation,  charts  of  insolation. 

I think  something  can  be  done  with  insolation.  Ernie  Anderson  dis- 
couraged me  quite  a bit  by  telling  me  how  precisely  you  have  to  know  the 
incoming  solar  radiation.  We  have  none  a little  work  in  expressing  solar 
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radiation  in  terms  of  the  theoretical  value  which  would  come  in,  a value 
which  can  be  obtained  very  handily  by  means  of  a little  device  which  Libby- 
Owens-Ford  Co.  puts  out.  We  give  the  values  in  terms  of,  say,  the  average 
percentage  of  sunshine  per  month  with  an  additional  meteorological  parameter 
in  there  for  the  number  of  days,  the  number  of  clear,  partly  cloudy  or  cloudy 
days.  I am  still  enthusiastic  enough  about  this  to  think  that  you  might  he  able 
to  use  the  approach  --  this  method  of  computation  --  to  get  the  proper  kind 
of  solar  radiation  data  to  plug  into  these  time -averaged  maps  and  provide 
some  worthwhile  information,  although  I am  rather  pessimistic  about  getting 
the  fine  grained  structure. 

I have  one  final  comment  and  hope  I will  be  pardoned  for  mentioning 
operational  applications  again.  If  another  conference  is  planned  in  which 
the  operational  problem  will  be  the  central  theme,  ;t  would  be  very  helpful 
to  this  admittedly  extremely  difficult  problem  to  tell  us  how  precisely  we 
must  know  these  things.  I arbitrarily  divided  these  into  a coarse  structure 
and  a fine  structure  simply  because  I do  not  know,  and  no  one  has  been 
able  to  tell  me,  how  accurately  you  are  going  to  have  to  know  the  vertical 
temperature  distribution  in  this  upper  part  of  the  ocean  in  order  for  it  to 
be  useful  in  an  operational  sense.  Scientifically,  we  can  go  ahead  and 
investigate  this  and  learn  a lot  of  things.  Operationally,  we  may  be  going 
way  beyond  what  is  needed,  or  it  may  fce  that  our  best  efforts  fall  far  short 
of  what  is  needed  and  are  useless.  It  seems  to  me  that  the  operational 
people  should  make  a very  strong  effort  to  provide  us  with  intelligent 
guesses. 
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CARL,  BEHRENS 


A truly  enormous  amount  of  effort  is  going  into  that  most  important 
application  of  oceanography,  the  transmission  of  sound.  Ha  ving  had  the 
great  privilege  of  working  for  Dr.  Eckart  at  San  Diego  for  two  years,  1 
have  always  since  that  time  been  convinced  that  any  real  progress  we  can 
expect  in  using  the  ocean  as  a medium  for  transmitting  sound  lies  with  the 
oceanographer  rather  than  with  the  gadgeteer,  the  man  who  wants  to  put 
another  10  db  of  power  into  the  water  andput  another  100  tubes  into  the 
gear.  So  the  remarks  that  I would  make  would  be  in  the  form  of  a plea 
to  the  oceanographers  to  keep  the  enormous  extent  of  this  effort  in  mind 
as  they  carry  out  their  legitimate  scientific  function. 

The  picture  has  changed  quite  radically  since  the  days  of  the  war, 
in  connection  with  this  forecasting  problem  and  the  thermocline.  I Ho 
not  know  how  representative  I was , but  1 found  it  perfectly  ail  right  during 
the  war  to  pretty  well  forget  about  this  thermocline  and  to  concentrate  on 
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small  area.  We  all  know  these  conditions  have  been  entirely  changed;  we 
now  have  to  worry  about  the  whole  ocean  from  surface  to  bottom,  and  we 
have  to  take  in  a lot  oi  area.  Hence  the  work  that  has  been  discussed  here 
these  days  will,  from  this  very  practical  standpoint,  become  all  important. 

As  far  as  forecasting  is  concerned,  and  its  use  to  the  Operations 


Evaluation  Group,  everything  that  can  be  found  out  about  it  is  grist  to  our 
mill.  Though  I have  not  thought  about  it  enough  to  indicate  just  what  specific 
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use  one  can  make  of  the  particular  kind  of  forecasting  or  prediction,  I 
think  it  is  necessary  that  the  oceanographer  guide  quite  ciosely  the  efforts 
of  the  man  connected  with  the  transmission  of  sound  in  the  ocean.  I know 
a lot  of  that  is  going  on  now. 

I have  one  more  point,  which  I am  very  hesitant  to  make  because  I 
cannot  speak  on  it  very  well,  and  that  i3  that  averaging  procedures  as  they 
are  connected  at  all  with  oceanographic  data  --in  connection  again  with  the 
transmission  of  sound  --  be  subjected  to  pretty  rigorous  examination.  I 
have  a feeling  that  oceanographers,  when  dealing  with  this  subject  of  the 
transmission  of  sound,  probably  can  do  a lot  of  practical  good  that  way. 

I mention  this  because  occasionally,  in  our  group,  we  raise  an  eyebrow 
a little  bit  at  some  of  the  averaging  procedures  that  do  go  on  in  the  work 
on  the  transmission  of  sound. 


I would  like  to  follow  up  a little  further  Bernhard  Haurwitz's  sug- 
gestion that  there  are  comparable  matters  in  the  atmosphere  which  can 
be  related  to  the  oceanic  problems  to  advantage.  I want  to  mention  spe- 
cifically what  has  not  been  mentioned  before  to  any  extent,  that  the  radio 
propagation  in  the  atmosphere  is  very  closely  related  in  a number  of  ways 
to  sonar  in  the  ocean,  and  that  it  has  been  studied  and  there  have  been 
attempts  to  forecast  propagation  corditions  in  the  atmosphere.  The  meteor- 
ology and  the  oceanography  are  almost  exactly  parallel  in  the  two.  You  have 
the  thermoclitie  in  the  ocean,  you  have  inversions  in  the  atmosphere  and 
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you  have  mixed  layers  and  ducts  and  all  these  things  which  are  exactly 
comparable . 

Not  only  that,  but  where  we  started  here  was  with  the  assignment 
to  the  aerologists  in  the  Navy  to  undertake  the  problem  of  forecasting 
sonar  conditions.  1 believe  they  are  also  in  the  same  manner  concerned, 
or  could  be  concerned,  with  the  propagation  of  radio  waves  in  the  atmos- 
phere, and  it  would  be  to  great  advantage  in  several  ways  if  the  people 
concerned  with  sonar  propagation  would  acquaint  themselves,  to  some 
extent  at  least,  with  the  work  that  has  been  done  on  radio  propagation. 
There  have  been  a lot  of  publications  on  this  subject,  and  one  I would 
like  to  mention  especially  is  the  book  or.  radio  propagation  put  out  by 
the  MIT  Radiation  Laboratory,  Volume  XIII  of  their  series  published  by 
McGraw-Hill . 

J.  C.  FREEMAN 

It  seems  to  me  that  here  we  are  studying  the  ocean  temperature 
structure,  that  we  described  it,  that  we  discussed,  to  a certain  extent, 
mechanisms  of  how  the  temperature  structure  is  brought  about  and  that 
we  discussed  forecasts.  Concerning  space  aescriDtion  of  the  temperature 
structure  in  the  horizontal  and  the  vertical  --  and  if  you  think  oi  it  prima- 
rily as  steady  state  space  description  — 1 would  say  that  Fritz  Fuglister 
is  tying  it  up  pretty  tightly.  I think  the  time  description  of  the  thermal 
structure  is  pretty  weak  and  that  this  is  where  we  should  concentrate, 
particularly  on  non-cyclic  time  descriptions 
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Under  mechanisms  we  have  the  various  mechanisms  of  mixing  and 
stirring.  I think  that  we  should  concentrate  on  those.  Then  we  have  other 
mechanisms:  salt  flux,  heat  flux,  surface  and  internal  waves,  balanced  and 
unbalanced  currents , advection,  radiation,  evaporation,  gravitational  sta- 
bility and  earth's  rotation.  All  of  these  things  should  enter  into  mechanisms 
on  the  temperature  structure.  As  I say,  it  seems  to  me  that  our  concentra- 
tion in  future  studies  should  be  on  mixing  and  stirring  since  we  already  know 
so  much  more  about  most  'f  these  other  mechanisms  and  how  they  would  enter 
in.  If  we  are  going  to  look  ior  anything  new  it  should  be  in  mixing  and  stirring. 

In  the  making  of  forecasts  1 would  use  the  military  language  and  say, 
strategic  or  relatively  long  range  forecasts  --  sometimes  you  can  just  ix  t 
a description  and  make  it  into  a strategic  forecast  --  and  tactical  forecasts. 
And  now  I shall  repeat  my  remarks  of  yesterday,  that  I am  most  hopeful  of 
getting  some  way  of  describing  the  really  small  scale  things  like  the  little 
thermocline  that  Jack  5chule  told  us  about,  or  the  diurnal  effect  I am  hope- 
ful of  getting  some  way  of  describing  those  things  so  that  our  forecasts  would 
be  giving  our  best  estimate  of  what  a description  of  those  things  foi  today 
would  be. 

F.  C.  FUGHS1FK 

I believe  that  we  are  going  to  get  someplace  in  this  forecasting,  but 
maybe  our  immediate  object  should  be  to  pick  out  areas  in  the  ocean  where 
we  are  going  to  do  this.  I have  a feeiir.g  that  there  are  certain  areas  in  the 
ocean  where  we  are  going  to  be  able  to  forecast  conditions  — simply  because 
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when  I go  out  there  I feel  already  that  I know  what  I am  going  to  run  into 
--  and  that  there  are  other  areas  where  we  are  going  to  have  a great  deal 
more  difficulty.  Of  course,  when  1 say  that  i know  what  the  conditions  are 
going  to  be  like  in  ore  of  these  areas,  it  does  not  mean  that  I know  what  the 
internal  waves  are  going  to  be.  I do  not  know  how  we  are  ever  going  to  fore- 
cast internal  waves. 

There  is  another  type  of  wave  that  I would  like  to  mention  --  something 
I might  call  an  internal  storm  wave.  We  can  run  along  in  the  Sargasso  Sea, 
making  our  temperature-depth  observations  every  half  hour  or  every  five 
minutes,  and  find  a little  seasonal  thermocline  whose  depth  seems  to  fit  in  to 
just  3.bout  w hut  ws  would  s xp set  3it  tHcit  ti'iTis  of  yo^tx*  cind,  which 


wiggles  up  and  down  slightly  because  of  internal  waves.  But  once  in  a while, 
if  we  just  let  our  BT  down  to  450  feet,  we  find  that  this  seasonal  thermocline 
introduces  some  new  isotherms  at  the  bottom,  as  wher  we  get  into  cold  water. 
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data  in  an  area  like  that,  and  these  indicated  this  kind  of  structure  --  which 
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think  as  storms  in  the  ocean.  These  may  come  from  a frontal  region  like 
the  Gulf  Stream. 

plow,  in  the  last;  of  the  classical  example,  the  Sargasso  Sea,  a believe 
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ious  times  of  the  year  would  be  and  we  may  t.  s able  to  do  it  even  better  when 
we  use  synoptic  or  five  day  mean  weather  data.  While  we  shall  be  able  to 
predict  normal  temper  at'iirC  5 tructure,  I do  not  think  we  shall  be  able  to 
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predict  these  abnormal  conditions  Therefore,  when  a person  is  making 
observations  out  there  and  studying  the  variations,  seasonal  or  otherwise, 
in  the  seasonal  thermocline,  he  should  be  sure  that  he  is  in  our  typical 
ocean  with  the  conditions  we  expect  to  find  in  the  Sargasso  Sea,  and  that 
he  is  not  dealing  with  a situation  where  one  of  these  internal  storms  may 
be  passing  through  the  area. 

I think  a person  may  make  internal  wave  measurements  and  get  these 
high  amplitudes  on  occasion  simply  because  of  one  of  these  eddies,  o^  be- 
cause they  happen  to  be  too  close  to  the  front  when  making  the  observations 
and  are  studying  the  large  scale  current  in  the  area. 

G.  C.  EWING 

Could  we  make  this  as  a concrete  suggestion,  carrying  out  Fritz 
Fuglister's  idea  that  the  study  should  be  made  in  some  particular  area? 

If  you  are  going  to  try  to  forecast  these  things  operationally,  why  not  try 
to  do  this  in  an  area  where  operations  are  being  conducted?  Now  the  ones 
that  come  to  my  mind  offhand  are  those  in  the  neighborhood  of  USNUSD, 
Portsmouth,  Key  West,  and  San  Diego.  Why  would  it  not  be  a good  idea 
to  set  up  a pilot  experiment  somewhere  where  sound  vessels,  perhaps 
attached  to  a sound  school,  go  out  once  or  twice  a week  on  an  operation 
and  try  to  see  whether,  as  a practical  matter,  you  can  develop  a fore- 
casting technique  in  this  standard  area? 
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D.  W.  PRITCHARD 

We  have  had  sufficient  proponents  for  the  necessity  of  giving  early 
practical  pressures  to  the  operational  problem  of  getting  some  improved 
answers  on  thermocline  forecasting.  I would  like  to  move  ahead  and  pro- 
ject what  we  might  look  forward  to  in  perhaps  the  far  distant  future.  Here 
I disagree  to  some  extent  witn  Berim<nu  Kaurwitz  in  regard  to  how  much  of 
a coverage  might  be  necessary  for  the  ultimate  forecast  of  the  thermal 
structure,  even  in  the  lower  layers  of  the  atmosphere.  I have  been  engaged 
in  operational  forecasting  in  meteorology  too,  and  would  not  be  very  satisfied 
to  use  only  local  conditions  to  forecast  temperature  structure  in  the  atmos- 
phere. I think  that  ultimately  we  are  going  to  have  to  use  more  than  local 
conditions  to  forecast  thermal  structure  in  the  sea,  ar.d  that  the  thermal 
structure  is  intimately  tied  up  with  the  hydrodynamic  solutions  of  the  com- 
plete motion  in  the  ocean  as  well  as  with  the  local  mixing  phenomena. 

I foresee  the  necessity  of  someone  --  or  perhaps  a limited  group  of 
people  using  whatever  factors  appear  to  be  necessary  from  our  knowledge 
of  the  atmosphere,  constructing  synoptic  charts  and  setting  up  the  techniques 
of  taking  those  atmospheric  data,  using  our  knowledge  of  the  general  circula- 
tion and  modifying  it  by  applying  the  synoptic  conditions,  and  trying  to  get  at 
least  the  formalized  solutions  to  the  motion  and  the  resulting  thermal  struc- 
ture. This,  of  course,  involves  the  overall  solution  of  the  hydrodynamics 
of  the  ocean,  but  I think  it  is  something  we  should  look  forward  to,  trial 


some  group  capable  of  doing  this  should  undertake  it. 
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The  formal  solution  would  probably  take  a long  time  and,  in  itself, 
might  not  be  the  answer,  but  it  might  form  the  iratnework  to  which  the 
local  solutions  and  the  individual  studies  on  different  aspects  of  this  list, 
including  the  things  that  we  do  not  know  about,  could  be  plugged  in. 


W.  V.  R.  MALKUS 


Dr.  Haurwitz  said  earlier,  and  I believe  it  is  quite  appropriate,  that 
one  needs  a preconceived  model  for  a measurement  program  to  be  particu- 
larly successful.  The  measurement  program  will  test  the  validity  of  the 
model  and  change  the  nature  of  the  preconceptions  oi  make  new  ones.  In 
the  situations  we  are  dealing  with  here,  with  the  thcrmocline,  a tentative 
list  might  add  something  if  we  adhere  to  it.  Momentum  flux,  1 would  say, 
is  really  up  in  this  region  included  in  the  Munk  - Anderson  paper.  This 
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influence  the  thermocline.  Yet  also,  as  Dr.  Haurwitz  pointed  out,  a number 
of  these  things  are  not,  in  their  very  nature,  parameters.  Latitude,  maybe, 
stability  defined  parametrically,  but  heat  flux,  convection,  advection,  and 
momentum  transport  are  processes. 

Now  if  we  had  been  successful  in  parameterizing  the  process  --  and 
we  usually  seek  to  do  this  --to  contain  all  of  the  complexity  of  the  single 
physical  process  and  mechanism  in  one  simple  set  of  symbols,  as  Munk 
and  Anderson  sought  to  do  by  their  use  of  the  Austausch  coefficients,  many 
of  us  would  be  quite  content.  But  when  these  parameterizations  of  processes 


fail,  when  we  do  not  find  that  our  choice  of  parameters  describe  the  processes 
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adequately,  we  must  then  look  more  carefully  at  the  process  itself. 

Here  we  have  a number  of  inter-acting  processes.  Heat  flux  in  this 
case  is  due  to  momentum  transport  occurring  simultaneously.  Wind  speed 
may  influence  the  formation  of  waves  and  wave  mixing  in  the  very  upper 
regions.  Advection  is  a large  scale  process,  and  we  might  have  to  study 
large  scale  physical  oceanography  to  know  how  the  advection  influences 
the  thermociine  in  local  regions.  Convection  also  is  a complicated  process 
of  its  own. 

I fir.d  it  necessary  to  attack  individual  processes  and  try  to  under- 
stand them,  to  see  if  their  parameterization  is  justified,  before  I could 
combine  them  and  test  the  joint  validity  of  many  of  them.  If  it  is  possible 
to  test  the  individual  validity  of  single  assumptions  then,  naturally  one  should 
go  on  to  test  the  joint  validity  of  many  assumptions.  Hence,  our  work  has 
been  more  or  less  directed  toward  investigation  of  single  processes,  in 
the  case  I spoke  of  yesterday,  the  convection  process.  That  may  play  an 
important  role  in  the  thermociine.  If  we  understand  how  mixing  depends 
upon  gradients,  that  may  be  some  help.  Next  perhaps  on  the  program 
should  be  simple  momentum  flux  and  how  it  depends  upon  boundary  para- 
meters and  then,  perhaps,  we  can  run  the  two  together.  At  Woods  Hole  we 


are  going  to  try  to  make 
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d models  which  hs  I mentioned. 


will  take  years  before  they  come  together  in  a complicated  situation  like  this. 
But  it  is  to  be  hoped  that  long  before  these  years  have  passed,  a successful 
parameterization  will  have  permitted  a partial  prediction  of  thermoclines . 


I 
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About  ail  I have  really  to  say  is  that  there  is  something  to  be  said 
for  rational  mechanics.  Rational  mechanics  in  our  f.  Id  is  not  called  that, 
it  is  called  the  hydrodynamics  of  incompressible,  homogeneous  flow.  That 
field  has  not  contributed  much  to  oceanography;  it  has  contributed  a great 
deal  to  other  things.  It  fits  in,  in  a rather  intangible  way,  by  giving  people 
something  to  shoot  at,  something  to  knock. 

We  have  nothing  similar  for  oceanography.  The  so-called  useful 
hydrodynamics  of  incompressible  homogeneous  fluids  is  not  the  type  of 
rational  mechanics  needed  by  oceanographers.  I think  what  one  needs  is 
the  rational  mechanics  of  a stratified  fluid,  which  is  worked  out  with  some 
care  and  logic  and  no  regard  to  the  immediate  application,  no  fear  of  what 
is  destroyed  because  one  neglects  convection  or  heat  flux  or  something  else. 
By  stratification  I mean  two  things:  the  density  gradient,  the  lines  of  constant 
density  which  we  shall  probably  take  as  horizontal,  and  the  lines  of  constant 
velocity,  also  horizontal,  but  with  shear.  If  one  works  out  a simplified 
theory  of  such  motion,  perhaps  we  will  ultimately  know  the  very  complex 
equations . 

I do  not  think  our  situation  is  much  more  complex  than  the  situation 
in  regard  to  atomic  spectra  which  also  leaned  heavily  on  rational  mechanics 
in  its  early  stages.  The  history  of  that  is  that  the  sodium  B line  was  dis- 
covered about  1814.  The  discovery  was  promptly  forgotten  and  was  re- 
discovered in  the  '30's  A vast  amount  of  data,  completely  uncoordinated, 
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was  accumulated  during  the  19th  century  and  then  in  the  early  years  of 
this  century  people  began  trying  to  interpret  that  with  the  aid  of  rational 
mechanics.  The  final  stage,  when  one  departed  from  the  useless  me- 
chanics and  developed  the  mechanics  which  would  actually  fit  the  data, 
occurred  rather  suddenly  under  a certain  amount  of  explosive  bile  and 
pretty  much  overshadowed  the  tremendously  long,  century-long,  period 
of  development  which  preceded  that. 

I have  a feeling  that  perhaps  trying  to  take  our  empirical  laws 
about  these  various  phenomena,  Austausch  and  a few  others,  and  then 
putting  them  all  together,  as  Munk  and  Anderson  did  in  a bold  attempt, 
is  useful  and  has  not  been  by  any  means  exhausted.  But  instead  of  trying 
to  do  perhaps  what  we  tirst  need  is  not  so  much  .1  model  dS  a rational 

foundation  which  will  take  out  certain  field  of  the  problem  to  see  how  far 
those  ideas  will  carry  and  what  new  ones  will  have  to  be  deduced. 

G.  G.  L.IL.1. 

The  chief  value  of  this  sort  of  meeting  to  people  like  myself  is  that 
it  furnishes  a mechanism  by  which  we  can  keep  ourselves  refreshed  as  to 
how  science  and  scientists  work.  In.  the  kind  of  job  1 have,  if  I lose  sight 
of  this  kind  of  work  it  could  be  quite  damaging  to  science  This  philosophy 
runs  pretty  much  through  the  Office  of  Navai  Research,  and  I feel  our 
organization  car*  take  some  rride  in  the  way  it  has  handled  the  program 
I think  this  is  so  chiefly  because  we  get  a chance  to  go  out  and  mingle  with 
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the  scientists  in  meetings  like  this,  and  I should  like  to  thank  you  all  for 
coming  and  helping  to  keep  rne  refreshed. 
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POST -CONFERENCE 


a nniTinwc 


HENRY  STOMMEL 


(Letter  to  t'nermocline  conferees,  dated  28  May  1953) 


It  seems  to  me  that  insofar  as  an  immediate  forecast  procedure,  par- 
ticularly of  the  diurnal  thermocline,  is  concerned,  the  prospects  looked 
fairly  glum  when  the  meeting  closed.  On  the  bus  trip  to  the  station,  how- 
ever, John  Knauss,  Giff  Ewing,  John  Freeman  and  I all  examined  the  data 
shown  in  the  accompanying  figure  (copied  from:  Henry  Stommel  and  A.  II. 
Woodcock,  1951:  Diurnal  heating  of  the  surface  of  the  Gulf  of  Mexico  in  the 
spring  of  1942.  Trans.  Amer.  Geophys . Union,  32,  565-571). 

Upon  examination  of  these  data  with  the  very  limited  objective  of 
making  a 24  hour  forecast  of  the  diurnal  thermocline,  the  results  looked 
so  encouraging  and  so  suggestive  of  the  kind  of  data  that  we  need  to  accum- 
ulate that  1 wisn  to  communicate  them  to  you  in  this  letter. 

Martineau  has  prepared  a WHOI  report,  Reference  No.  53-21,  en- 
titled "An  Objective  Method  for  Forecasting  the  Diurnal  Thermocline" 
consisting  of  a set  of  rigid  rules  for  forecasting  the  difference  of  tem- 
perature at  the  surface  and  50  feet.  I did  not  see  this  report  before  the 
conference  and  have  just  had  a quick  look  at  it  before  writing  to  you.  It 
is  my  opinion  that  one  can  make  considerably  better  forecasts  on  the  24 
hour  basis  if  he  abandons  Martineau' s rigid  objective  scheme  and  simply 
goes  whole-hog  subjective  and  uses  plain,  everyday  horse  sense  At  any 


rate,  I would  like  to  show  you  cn  the  basis  of  the  very  sparse  amount  of  data 
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which  I have,  just  what  I mean  by  this  very  unscientiiic  sounding  remark. 

Nov/  suppose  v/e  look  at  the  figure,  at  the  diagram  of  temperature 
against  time  for  IMarch  31.  We  see  a diurnal  thermocline  develop  with 
0 . 2“F  isotherms  developing  during  the  afternoon,  extending  to  20  fathoms 
to  the  deepest.  To  the  right  of  this  temperature-time  graph,  are  the 
accompanying  computed  heat  flux  and  wind  force  diagrams  plotted  against 
time.  Now  the  first  drastic  exercise  of  horse  sense  I propose  is  to  look 
at  only  the  most  general  features  of  the  heat  flux  diagram.  Anderson 
already  showed  us  at  the  conference  that  the  formulas  used  in  computing 
the  heat  flux  are  very  shaky,  so  I propose  in  suggest  that  we  regard  this 
heat  flux  curve  as  simply  an  indication  of  the  amount  of  insolation  during 
the  day.  Between  0600  and  1800  this  curve  is  predominantly  influenced  by 
the  percent  of  cloud  cover  and  so  we  may  interpret  it  simply  as  the  percent 
of  clear  sky.  I propose  therefore  in  this  initial  subjective  method  to  forget 
about  all  processes  that  transfer  heat  across  the  surface  exc  ept  the  sun. 

The  wind  we  will  regard  as  a mixing  influence  and  we  will  treat  this  in- 
fluence in  the  forecasts  in  a purely  subjective  fashion.  All  right,  now  we 
will  suppose  that  the  meteorologist  has  given  us  a forecast  of  the  percent 
of  clear  sky  and  wind  force  during  the  next  day,  April  1.  We  will  suppose 
that  the  forecast  that  he  gave  was  a correct  one  just  like  the  actual  observed 
percentage  of  clear  sky  and  wind  force  as  actually  observed  on  April  1.  Well, 
my  horse  sense  tells  me  that  the  amount  of  heat  put  into  the  water  during 

A 1 « n rv*  /»  *"*  ^ X f M w r.  U 11  *■>»■*  •*  ^ Xf  ^ J • f X-  - »»  — 
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is  slightly  less,  that  is,  averaging  force  3 rather  than  4.  Therefore,  as 
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long  as  1 stay  in  this  one  position  1 would  expecv  the  diurnal  thermocline  to 

be  almost  identical  to  that  of  March  31,  and  if  I were  on  boa^d  the  boat  I 

would  make  the  following  forecast: 

Subjective  forecast  for  April  1.  The  diurnal  thermocline  will  be 
almost  identical  to  that  of  March  31.  Perhaps  the  only  difference 
will  be  that  it  will  be  slightly  shallower  on  account  of  the  weaker 
winds  and  may  persist  for  an  hour  or  two  later  in  the  evening  for 
the  same  reason. 

Verification.  We  see  that  this  forecast  is  really  verified  in  almost 
complete  detail. 

Of  course,  in  making  this  forecast  I already  kr.ow  what  the  real  answer 
is,  but  after  the  conference  I went  through  this  procedure  with  three  individ- 
uals and  concealed  the  actual  thermoclire  data  from  these  people  until  after 
they  had  made  their  forecast.  I am  trying,  in  making  these  forecasts,  to 
recall  the  kind  of  forecast  which  they  actually  made.  As  you  will  see,  things 
don't  always  turn  cut  quite  as  nicely  as  this. 

All  right,  we  will  go  ahead  now  and  try  to  make  a forecast  for  the  next 
day  on  the  basis  of  weather  information  for  April  2.  Looking  at  this  curve, 

I think  we  could  make  the  following  forecast: 

Subjective  forecast  for  April  2.  There  appears  to  be  about  50% 
more  sunlight  forecast  for  April  2 than  for  either  of  the  previous 
two  days.  For  this  reason  I forecast  3 isotherms  rather  than  2 
isotherms  in  the  diurnal  thermocline.  The  wind  falls  off  to  force 
2 after  sunset  and  lor  this  reason  T forecast  that  the  thermocline 
persists  to  even  later  in  the  evening  than  either  of  the  two  days 
before  I cannot  predict  just  how  long  it  persists,  however. 

Verification.  As  will  be  seen,  3 isotherms  actually  do  occur  on 
Ap  ril  2 and  the  persistence  is  actually  longer  than  either  of  the 
other  two  days. 

There  is  now  a gap  in  the  data  aiul  I think  it  would  be  a very  brave  man, 
indeed,  who  would  try  and  forecast  the  thermal  structuie  for  the  next  date  on 
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which  we  have  data,  April  18.  so  let  as  suppose  that  we  now  have  gone  out 
ir.\  the  boat  again  and  do  not  try  to  make  any  iorecast  for  April  18.  We  will 
simply  use  the  data  for  April  18  as  a base  for  making  the  next  24  hour  fore- 
cast. What  is  more,  you  will  notice  that  the  thermocline  developed  on  April 
18  is  about  twice  as  strong  as  that  developed  at  the  first  of  the  month  and  is 


somewhat  shallower  even  though  the  sunlight  is  less  and  the  wind  not  very 

different  from  April  2.  You  will  also  notice  that  the  thermocline  persists 

late  into  the  evening.  1 cannot  account  for  this,  but  T don't  think  that  it  is 

at  all  possible  by  the  subjective  methods  to  do  so.  We  simply  note  these 

facts  and  use  them  as  a basis  for  making  our  prediction  for  the  next  day. 

Weil,  now  let  us  look  at  the  heat  flux  and  wind  data  lor  the  next  day. 

Subjective  forecast  for  April  19  Since  there  is  about  50%  more 
sunlight  I forecast  5 isotherms  coming  into  the  diagram  during 
the  afternoon  and  penetrating  to  about  10  fathoms.  The  wind  drops 
off  to  calm  right  after  the  sun  sets,  thereicre  I predict  persistence 
of  this  thermocline  into  the  evening. 

Verification.  The  heating  of  the  surface;  doe •:  not  appear  to  be  nearly 
as  strong  as  predicted.  I cannot  account  for  this.  The  thermal 
structure  which  is  produced,  however,  does  most  certain!  y persist 
into  the  evening. 

Subjective  iorecast  for  Ap  rij  l.\j « .'juuk., i't g st  tVic  fcrcocict  icr 
flux  and  wind  data  for  April  20  I say  gentle  vcincs  during  the  first 
quarter  of  the  day  bring  perhaps  1 isotherm  to  the  surface.  Be- 
cause of  overestimate  of  diurnal  heating  in  the  previous  day's 
forecast,  I now  estimate  4 isotherms  coming  into  the  surface, 
fairly  shallow,  and  during  the  evening  several  of  these  coming 
to  the  surface  on  account  of  light,  winds. 


Verification.  Cooling  in  first  quarter  verified.  Heating  during 
second  and  third  quartet  s somewhat  more  intense  than  pj  e dieted. 
Also  the  fact  that  several  of  these  isotherms  come  to  the  surface 
during  the  evening  is  verified. 
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structure  below  the  depth  of  the  diurnal  thermccline  is  persisting  from  day 
to  day  whereas  from  March  31  to  April  2 this  was  not  fhe  case.  It  is  quite 
obvious,  therefore,  that  any  objective  method  which  does  not  take  into 
account  the  already  existing  thermal  structure  in  the  water  is  likely  to 
give  a very  poor  picture  of  what  actually  occurs.  Well,  now  let  us  proceed 
to  a forecast  of  April  21. 

Subjective  forecast  for  April  21.  Less  heat  and  more  wind  are 
forecast,  therefore  2 isotherms  should  come  to  the  surface 
during  the  first  quarter,  about  4 isotherms  should  enter  the 
water  during  the  afternoon  and  3 leave  the  surface  during  the 
night. 

Verification.  The  forecast  is  practically  entirely  verified  ex- 
cept for  the  fact  that  from  150ft  to  1800  three  additional  iso- 
therms enter  and  quickly  leave  the  surface  for  a very  short  time. 

Subjective  forecast  for  April  22.  Since  the  sun  and  wind  are  much 
the  same,  I forecast  similar  structure  to  that  observed  on  April  21. 

Verification.  This  appears  to  be  true  for  the  first  two  quarters. 

The  third  and  fourth  quarters , however,  are  completely  wrong. 

How  do  we  account  for  this?  Up  until  this  time  the  ship  had  been 
slowly  drifting  and  during  the  last  quarter  of  April  22  the  ship  was 
shifted  in  position  during  several  hours  of  steaming.  The  violent 
changes  in  the  last  quarter  of  April  22  are  therefore  due  to  advec- 
tion.  This  is  a measure  of  how  heterogeneous  a supposedly  homo- 
geneous body  of  water  can  be.  Beware  , our  study  so  far  neglects 
the  fearful  probabilities  of  what  advection  can  do  to  a forecast. 

Subjective  forecast  for  April  23.  Since  we  have  moved  to  another 
body  of  water  I would  be  very  hesitant  to  make  a forecast  for  April 
23.  I should  suppose  that  the  deeper  thermal  structure  below  10 
fathoms  should  be  more  or  less  the  same  and  that  because  there  is 
almost  complete  cloudiness  and  wind  force  of  from  3 to  4 that  the 
diurnal  thermocline  would  be  very  poorly  developed. 

Verification.  These  very  vague  forecasts  seem  to  be  verified. 


Subjective  forecast  for  April  24.  We  see  from  the  forecast  weather 
uaia  ihat  the  r c will  be  much  heat  put  into  the  water  during 

the  day  of  April  24  and  that  the  winds  remain  high  all  morning  and 
late  afternoon.  I would  therefore  forecast  that  2 isotherms  come 
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to  the  surface  during  the  first  quarter  and  that  the  lower  isotherms 
be  depressed.  Since  1 isotherm  entered  the  surface  during  the 
afternoon  of  April  23  and  there  is  twice  as  much  heat,  I predict 
i.nat  this  thermal  structure  be  somewhat  deeper,  perhaps  10  fathoms. 

Verification.  This  qualitative  forecast  is  almost  completely  ver- 
ified. The  only  puzzling  feature  is  the  entrance  of  an  additional 
isotherm  very  late  in  the  day.  I cannot  account  for  this. 

Subjective  forecast,  for  April  25.  The  winds  remain  fairly  high 
all  morning  and  I forecast  the  persistence  of  the  deep  mixed  layer 
to  about  15  fathoms  during  the  first  two  quarters.  Since  the  amount 
of  sunlight  is  less,  I predict  only  1 isotherm  coming  into  the  surface 
and  leaving  it  again  shortly  after  sunset. 

Verification.  The  forecast  seems  to  be  correct  except  for  the  fact 
that  the  deep  thermal  structuie  rises  for  the  first  three-fou.rths  of 
the  day  to  about  10  fathoms.  This  is  a surprise.  I think  it  must  be 
accounted  for  by  some  more  general  forecasting  technique  such  as 
tha.t  of  John  Freeman,  in  which  he  considers  the  effect  of  the  local 
wind  curl  on  the  depth  changes  of  the  seasonal  thermocline.  It  will 
"be  noticed  that  this  deeper  thermal  structure  which  rises  during  the 
day  is  the  beginning  of  the  seasonal  thermocline  and  no  longer  should 
be  confused  with  the  diurnal  thermocline.  Almost  exactly  at  mid- 
night the  70°  isotherm  enters  the  surface  again.  I cannot  account 
for  this . 

Subjective  forecast  for  April  26.  More  sunlight,  diminishing  wind. 

I therefore  forecast  persistence  of  the  deep  thermal  structure 
throughout  the  day  and  3 isotherms  entering  during  the  afternoon. 
Because  the  winds  are  force  1 during  the  evening  2 of  these  persist 
and  only  1 comes  to  the  surface. 

Verification.  Perfect. 

I have  made  an  honest  attempt  not  to  fool  myself  in  this  game  into 
making  better  forecasts  than  T would  be  able  tc  make  were  I not  to  know 
what  the  actual  course  of  events  would  be.  Nevertheless,  I may  have 
entered  a certain  bias  anyway.  What  you  will  notice,  however,  is  that 
the  application  of  simple  horse  sense  to  this  prediction  problem  is  prom- 


ising. WHERE  DO  WE  GO  FROM  HERE? 

I can  only  suggest  that  we  need  more  data  of  this  very  kind.  We 
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need  hourly  BT's  (SHALLOW  BT's)  made  in  one  body  of  water  for  many 
days  with  accompanying  cloud  cover  and  wind  force  data.  We  then  should 
get  some  practicing  aerologists  together  and  after  introducing  them  to  the 
simple  ideas  using  the  data  which  1 already  have  used  here,  we  can  then 
see  how  they  do  on  further  more  extensive  series  of  data  from  other  areas 
as  well.  People  could  play  musical  instruments  before  there  was  a theory 
of  acoustics.  I think  people  can  maae  crude  subjective  forecasts  before  we 
get  a rational  theory  of  the  thermocline.  This  does  not  mean  that  it  would 
not  be  nice  to  have  a rational  theory  of  the  thermocline,  It  just  means  that 
we  pro’  ally  can  make  some  practical  progress  in  the  24  hour  forecast  of 
the  diurnal  thermocline  without  such  a rational  approach. 

C.  O D ISSLIN 

(From  letter  to  M.  J.  Poliak,  dated  8 June  1953) 

If  I had  been  at  the  Thermocline  Conference  I would  have  been  in- 
clined to  be  braver  about  my  ability  to  predict  a thermocline  than  most 
people  were,  to  v/hat  Hank  Stommei  has  w.  liter.  I would  like  to  odd  the 
following: 

1.  You  have  ample  means  of  knowing  surface  temperature  and  tem- 
perature at  200  meters,  which  does  not  change  seasonally.  You  also  know 
something  about  layer  depth.  Thus  you  have  three  points  on  a curve  v/hose 
shape  changes  in  a characteristic  manner  seasonally.  Except  near  the 
edges  of  a current,  the  gross  features  o:  the  temperature -depth  curve 
seem  easily  predictable. 
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2.  Diurna.l  warming  is  only  difficult  to  predict  in  the  early  spring 
in  situations  of  moderate  winds  and  partial  cloud  cover.  At  r.'her  times 
of  the  year  and.  under  more  extreme  conditions  I would  bet  that  I could  be 
90%  correct. 

3.  Don  Martineau's  technical  report  on  diurnal  warming  seems  to 
me  to  be  too  conservative  as  far  as  verification  is  concerned.  His  sample 
of  data  was  heavily  weighted  with  borderline  situations. 

G.  C.  EWING 

(From  letter  to  Henry  Stommel,  dated  17  June  1953} 

Your  letter  of  May  28  addressed  to  the  thermocline  conferees  has 
inspired  our  naval  research  reserve  group  to  set  themselves  up  as  a 
guinea  pig  group  to  see  whether  we  can  successfully  carry  out  the  sug- 
gestion made  in  your  last  paragraph.  This  is  not  an  ideal  arrangement 
as  it  would  be  better  to  try  the  plan  out  as  you  suggest  with  practising 
aerologists.  If  such  an  official  group  comes  to  iife,  we  will  fold  up  and 
blow  away  but,  in  the  meantime,  perhaps  this  is  one  of  those  twenty-five 
cent  experiments  that  Harold  Jeffreys  has  used  so  successfully.  The  group 
contains  about  sixteen  people  and  so  me  are  on  the  staff  at  Scripps;  some 
at  NEL.;  one  is  a professor  of  mechanical  engineering  at  State  College; 
one.  a stockbroker  who  is  taking  a correspondence  course  in  aerology; 
and  two  are  ex-World  War  II  Navy  Aerologists.  So  perhaps  they  constitute 
a fair  sample  of  the  Navy  population  which  will  have  to  undertake  this  work. 
Our  plan  as  T see  it  at  the  moment  to  set  up  an  informal  school  to  go  over 
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some  of  the  points  raised  in  the  recent  conference,  with  the  hope  of  giving 
them  a rudimentary  under  standing  of  the  problem.  Next,  we  will  try  to 
find  some  suitable  data  to  cut  our  teeth  on  and.  finally  we  will  break  up 
into  teams  of  two,  each  of  which  will  undertake  to  make  a forecast  one 
day  a week  in  some  sort  of  collaboration  with  one  of  the  local  Navy  Activ- 
ities who  would  naturally  be  interested.  Such  an  activity  might  be  a local 
submarine  squadron  or  the  Navy  Sonar  School. 

Admittedly,  so  ambitious  a program  openly  invites  disaster  if  it  is 
presented  as  a scientific  attack  on  the  problem,  but  we  have  no  such  fancy 
pretensions.  We  are  just  going  to  try  to  uncover  what  will  happen  if  a 
group  of  not-too-well  grounded  Naval  officers,  with  some  technical  train- 
ing, try  to  carry  out  the  new  Naval  regulation.  To  be  sure,  aeroiogists 
probably  will  be  better  trained  and,  therefore,  better  able  to  carry  out 
this  function.  But,  on  the  other  hand,  they  will  be  on  moving  ships  for 
the  most  part  and,  therefore,  will  have  difficulties  to  surmount  that  we 
will  not. 
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to  work  on.  Naturally,  we  think  of  the  weather  ships,  but  this  would  require 
getting  one  of  them  equipped  with  a shallow  BT  and  arranging  for  having  these 
sent  to  uc , all  of  which  would  take  some  time.  Also,  we  would  like  to  deal 
with  the  local  area  as  soon  as  possible.  I think  that  this  weather  ship  pro- 
gram should  be  undertaken,  but  that  perhaps  we  can  accomplish  something 
while  it  is  getting  underway.  We  ha"e  at  Scripps  two  anchor  stations  of 


three  or  four  days'  duration,  which  may  also  help  us  in  the  meantime. 
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However,  I am  going  to  try  to  find  a way  of  getting  two  BT‘s  a day  taken 
in  nearby  waters  where  we  will  have  facility  in  obtaining  the  kind  of  data 
that  we  want  and  modifying  the  specifications  as  we  go  along.  If  we  could 
get  one  at  0800  and  another  at  1600  daily,  these  would  represent,  it  seems 
to  me,  the  extreme  conditions  to  be  expected  during  the  day  and  would  be 
the  most  useful  ones  to  forecast. 
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